Abstract Neuroglobin (NGB) is a neuron-specific vertebrate globin shown to protect against hypoxia, ischemia, oxidative stress and the toxic effects of Amyloid-beta. Following on our and others' results highlighting the importance of NGB expression in disease, we searched for genetic determinants of its expression. We found that a microRNA expressed with the NGB transcript shows significant target enrichments in the angiogenesis pathway and the Alzheimer disease/presenilin pathway. Using reporter constructs we identified potential promoter/enhancer elements between the transcription start site and 1,142 bp upstream. Using 184 post-mortem temporal lobe samples we replicated the reported negative effect of age, and after genotyping tagging SNPs we found one (rs981471) showing a significant correlation with the gene's expression and another (rs8014408) showing an interaction with age, the rare C allele being correlated with higher expression and faster decline. The two SNPs are towards the 3′ end of NGB within the same LD block, 52 Kb apart and modestly correlated (r 2 = 0.5). Next generation sequencing of the same 184 temporal lobe samples and 79 confirmed AD patients across the entire gene region (including >12 Kb on the 3′ and 5′ flank) revealed limited coding variation, suggesting purifying selection of NGB, but did not identify regulatory or disease associated rare variants. A dinucleotide repeat in intron 1 with extensive evidence of functionality showed interesting but inconclusive results, as it was not amenable to further molecular analysis.
Introduction
Neuroglobin is a relatively new addition to the globin family that has received significant research interest. It is one of the four members of the family of heme binding metalloproteins, together with hemoglobin, myoglobin and cytoglobin. Hemoglobin is the best-known member and it is the main carrier of oxygen from the lungs to the periphery with near exclusive occupancy of red blood cells and the ability to reversibly bind oxygen. Myoglobin is also well studied and was the first protein to have its structure revealed by crystallography in 1957 (http://www.nsf.gov/news/news_summ.jsp?cntn_id= 100689) [1] while the gene was cloned in 1982 [2] . It is present mainly in skeletal muscle fibers and cardiomyocytes, and facilitates oxygen transport but also modulates the homeostasis of nitric oxide [3] . Neuroglobin was discovered by Burmester et al. [4] in 2000 followed closely by the identification of cytoglobin by the same group [5] . While cytoglobin seems to be expressed in most human tissue types, neuroglobin has a more specific expression pattern, highest in the brain and retina, organs with exceptionally high oxygen demands. It is still unclear whether oxygen supply is a significant function of neuroglobin (NGB). It maintains the ability to reversibly bind O 2 despite the relatively low sequence similarity with the other family members [4, 6] , yet whether its biochemical properties support a role in O 2 storage and supply remains controversial. Trent et al. [6] studied the kinetics of NGB and found that under known physiological conditions its affinity is too high to bind and release oxygen as needed for a function in transport. They proposed other functions that have been described for globins binding oxygen with high affinity, such as sensing of CO, NO, or O 2 or scavenging NO or O 2 .
More consistent than the results supporting a role in oxygen supply are those that show neuroglobin to promote neuron survival. NGB overexpression in human neuronal cell cultures subjected to hypoxia results in enhanced cell survival as well as induction of NGB mRNA [7] [8] [9] [10] although the latter has not been shown consistently [11, 12] . In vivo experiments in rats have shown Neuroglobin to protect against experimental stroke [13] , a result also observed in mice [14] , while NGB immunoreactivity has been found increased in the peri-infarct region in human stroke patients [15] . NGB overexpression has also been shown to protect against oxidative stress [16, 17] and to inhibit the intrinsic pathway of apoptosis by interacting with cytochrome c and preventing the activation of procaspase 9 [18] . The possible role of NGB in preventing apoptosis has been recently reviewed by Brittain et al. [19] . At the cellular level, NGB is localized in the cytosol near the mitochondria [20, 21] , which is interesting given the roles of the mitochondria in oxidative phosphorylation and apoptosis.
NGB has been directly connected to Alzheimer's disease (AD). Li et al. have shown it to protect against amyloid beta toxicity [22] and double-transgenic mice overexpressing NGB and mutant APP had a significantly attenuated AD phenotype. This was further supported by our data showing a genetic association and higher levels of NGB transcript in humans with AD [23] and data showing increased NGB protein in AD brains [24] , suggesting that the gene might be induced by the disease and NGB levels might be a significant determinant of the risk to develop AD. In addition to this, our and others' genome wide data support overlap between genes changing expression with age and genes that change expression in AD [25, 26] suggesting that change with age might be in part responsible for the increased AD risk with age.
Neuroglobin is a highly phylogenetically conserved protein with 94 % amino acid identity between human and mouse, and greater than 50 % identity with Zebrafish (Fig. 1) . The NGB gene (Fig. 2) is a small gene located on chromosome 14q24.3 and transcribed from the reverse strand. It spans 5.8 Kb and includes four exons with no known alternative splice forms. NGB shares less than 21 % amino acid identity with myoglobins and less than 25 % with hemoglobins [4] . The combination of divergence from the family and strict purifying selection pressure suggests that neuroglobin might have evolved to fill an important biological niche that no longer tolerates significant variation.
Only a few genetic studies have been reported for NGB. A study from our group showed a genetic association of NGB with AD [23] together with a reduction in expression with age and higher expression in AD which has now been replicated [24] . Shortly after, Lin et al. [27] reported variants in NGB associated with ischemic stroke, followed by another group showing that the allele we reported as protective for AD also has a protective effect against traumatic brain injury [28] . In the present work, we attempt an in depth search for genetic sequences and variants regulating NGB transcription. We employ bioinformatics, in vitro reporter assays, post-mortem brain RNA measurements, quantitative trait mapping and next generation sequencing on 263 individuals across the entire gene. Our results are an important starting point for future work on the regulation of NGB, which is likely to be of importance for brain health.
Materials and methods
Promoter constructs We generated nine constructs (shown in Fig. 1 ) by introducing human sequences upstream of the NGB translation start site and as long as 2,056 bp, into the pGL3-Basic plasmid vector which is a firefly luciferase reporter vector (Promega). First, human fragments were amplified using PfuTurbo® Polymerase (Stratagene) high-fidelity Taq polymerase and restriction enzyme sites were added at both ends of the amplicons by inclusion in the primers. A′ overhangs were then added by incubating the products for 5 min with Taq DNA polymerase (Invitrogen) and excess dATP. The amplicons were TA cloned into pCR®2.1 -TOPO vector (Invitrogen, cat. no. K451020SC). The inserts were then excised and ligated into the pGL3-Basic plasmid by the specific restriction enzyme sites. We verified all constructs by Sanger sequencing using the commercial primer RVprimer3 (Promega) and pGLR 5′. The sequence coordinates of each of the constructs are reported on Table 1 . To make the two constructs that include non-contiguous DNA sequences we used restriction enzyme digestion followed by ligation, selection of the appropriate size fragments of ligated products and verification by nucleotide sequencing. Tissue samples Tissue samples were acquired from the Harvard Brain Tissue Resource Center (HBTRC). They were dissected from flash frozen brain slices (at −80°C) from the superior temporal lobe (Brodmann area 22) of 184 neurologically normal subjects. They were 77.6 % male, the average age at death was 62±12.8 years and had an average time between death and tissue collection of 23±5.3 h. Total RNA integrity was confirmed by agarose gel electrophoresis. Genomic DNA from these samples was extracted from 10 mg of tissue using the Gentra Puregene Tissue Kit (Qiagen) following manufacturer's protocol. RNA was extracted from 30 mg of tissue using the RNeasy Lipid Tissue Mini Kit (Qiagen). Reverse transcription reactions on total RNA were performed using TaqMan® Reverse Transcription kit (Applied Biosystems) and random hexamer primers following standard protocols. Real-time PCR experiments for NGB and normalization transcripts were performed in triplicate and on the same set of reverse-transcribed RNAs. Patient samples All AD patients (N=79) were unrelated, met NINCDS/ADRDA criteria for diagnosis of probable or possible AD or had a definite diagnosis after autopsy confirmation and were from the three-site collection of the NIMH Genetics Initiative. Sample procurement, and data gathering for the NIMH samples are further described elsewhere [29, 30] . A subset of these (N=30) was collected by our site and after death had autopsies performed by our neuropathology department. Those were included in the sample because of their definite diagnosis. The remaining samples were selected to represent families that showed linkage to chromosome 14 in our original linkage report, which initiated our interest in NGB [31] .
Real-time PCR quantifications Real-time PCR reactions were performed in triplicate using the SYBR® Green qPCR Detection System (Invitrogen) as previously described [23] . Amplicon sequences were verified by Sanger sequencing. Gel electrophoresis and melting curves further confirmed that a single product was amplified and measured. Samples were run in triplicate and randomly distributed on two 384-well plates. Plate identity was accounted for in the analyses as described under "Statistical analysis". Real-time measurements were made on an Applied Biosystems 7900HT sequence detection system and measurements were converted to relative quantities using six serial 2-fold dilutions in triplicate. Triplicates were examined for outlier measurements that were removed if present. Based on the literature on optimal normalization controls we chose three genes, ACTB, POLR2F and MRIP to control for variations in RNA input and reverse transcription efficiency [32, 33] . We performed real-time experiments for all three as we have previously described [34] , compared their inter-sample variability and their pair-wise correlations and used for normalization the mean of the least variable and most correlated pair, ACTB and MRIP. The normalized values were log base 2 transformed to achieve a normal distribution before proceeding to statistical analysis.
Genotyping
We genotyped 70 HapMap SNPs within and to the extent of linkage disequilibrium around NGB, (chr14:77,627,796-77,820,386 in hg19) chosen to be inter-correlated at r 2 ≤0.8. We also genotyped 27 ancestry informative SNP markers (AIMs) [35] as the HBTRC did not retain ancestry information. All genotyping was done at the Johns Hopkins SNP center on a custom SNP panel using the Illumina Golden Gate platform. All SNP dbSNP IDs and Hardy-Weinberg equilibrium test p values are shown in Table 2 , arranged by the reason they were genotyped (AIMs or NGB).
Statistical analyses SNP genotypes were coded in a quantitative manner. Principal component analyses of the AIM SNPs were performed in R using the "principal()" function in the "psych" package (Revelle, W. 2011, North-western University, R package version 1.0-95) replacing missing genotypes with the population's mean for the corresponding SNP. Statistical analyses of normalized log transformed expression data against genotypes were also performed in R using the "glm" function for fitting generalized linear models with formulas as described in the text, an identity link function and a Gaussian distribution. Age at death, sex, PMI, genotyping plate and the first principal component of the AIM SNPs were included in the model to correct for possible effects of these variables on the transcript levels of the measurements. Interaction terms between genotype and age were also included in separate analysis.
Next generation sequencing
Targeted resequencing was performed at the Neuroglobin locus, including the gene itself and 12,540 upstream bases and 13,034 downstream bases (UCSC hg19, chr14:77,718,800-77,750,195), a total of 31,396 bp. First the samples were amplified by long range PCR in three amplicons each using primers Ap1-1F: 5′-GCCAACAACTGTGTGTTCTAGC-3′, Ap1-1R: GCATTTGATTGTGTCTCTTCACTC, Ap2-1F: 5′- annealing temperature. The product was measured with Pico Green dsDNA Quantification Kit (Molecular Probes cat. no.P7589), then the three amplicons of each sample were mixed in equal parts (∼3 μg total DNA). The whole sample was fragmented to ∼200-bp size using Covaris M220 Focusedultrasonicator™. The samples were then processed with Illumina standard protocol, which includes the steps of purification, repair ends, adenylate 3′ end, adaptor ligation, gel purification and final enrichment of the fragments. 10 nM of the final library of 12 multiplexed samples was sequenced in each lane on an Illumina GAII machine. Most were run with a single end protocol, generating reads of either 100 or 101 bases, with the exception of 24 control samples run in a paired end protocol generating 76 base reads. We compared these samples for any systematic differences in numbers of variants detected and allele calls from the remaining but we found no such difference.
Sequencing data analysis
The vast majority of the samples returned millions of alignable reads, providing coverage ranging from ∼6 to ∼43 K per sample, with a median sample coverage of ∼17 K. We made high confidence variant calls for 184 control samples and 79 patient samples. For this, we developed a pipeline using publicly available tools. We first removed reads with ambiguous bases from our fastq files, then aligned the remaining reads to the hg19 reference chromosome 14 using Bwa [36] ). We used utilities offered by the GATK for rest of the steps [37] . These included, in the order they were applied, indel realignment, quality score recalibration, genotyping and variant filtering [38] . For each of these steps, we used all of our aligned reads, as our high coverage, predominantly single end protocol suggested that non-identical DNA fragments would produce multiple reads aligning to the same starting position and in the same orientation. Our final set of variants satisfied several filter criteria including a minimum variant quality of 30 (calculated by GATK; this is a phred scaled score), a minimum quality by depth of 5, a maximum strand bias of −0.1, a maximum homo-polymer length of five bases, and a within sample maximum of two SNPs within any ten base window. Figure 2 shows NGB in the UCSC genome browser with tracks relevant to regulation displayed. Note the region within intron 1 with a high concentration of evidence for regulatory sequence. This includes experimental histone acetylation information by chromatin immunoprecipitation and sequencing (ChIP-seq), sites of DNAse hypersensitivity indicating open chromatin and transcription factor Fig. 2 . We searched the miRNA target database, at www.targetscan.org, and found 193 genes with predicted conserved target sequences for this miRMA. When compared to all genes in the genome using the Panther bioinformatics tools at www.pantherdb.org, the mir-1260 targets show significant enrichments in multiple pathways shown in Table 3 . It is interesting that among these pathways are the platelet-derived growth factor (PDGF), the overlapping angiogenesis pathway, and the Alzheimer diseasepresenilin pathway. This raises the possibility that the transcriptional level of NGB might have effects relevant to hypoxia and AD that are not attributable to the NGB protein but rather to the regulation of other genes through hsa-mir-1260.
Results

Bioinformatic analysis
Promoter constructs The position of the fragments that we inserted in constructs and explored via dual luciferase assays are shown on Fig. 2 (see also Table 1 ). All fragments were chosen to start at the translation start site and extend up to ∼2 Kb 5′. They included the contiguous sequence with two exceptions that were constructed to clarify observed enhancer effects. The normalized relative levels of luciferase activity in transfected HEK293, SK-N-SH and Neuro-2a cells are shown in Fig. 3 . Constructs as short as 201 bp showed activity in driving luciferase activity significantly above the pGL3-Basic vector which lacks a promoter (all p values were below 0.0001) except for SK-N-SH cells where the change was marginal (p=0.07). Addition of more promoter sequence up to 379 bp consistently increased luciferase activity in HEK 293 and SK-N-SH cells while this continued up to 1,124 bp for Neuro 2A cells. Larger constructs showed a reduction in luciferase luminescence across cell lines. In order to explore whether the reduction in larger constructs was due to insert size difference or repressor effects in the added sequence, we generated two more constructs. The first, 0-385 and 1,180-1,568, was intended to test whether the 1,180-1,568 fragment would reduce the expression of the 0-385 fragment despite the total size remaining below 1 Kb. Similarly the second, 0-462 and 1,681-2,056 was intended to reveal potential repressor effects of the 1,681-2,056 fragment. The results are shown in Fig. 4 . Note that for technical reasons including the availability of restriction enzyme sites to allow us to generate these constructs, the fragment sizes do not exactly correspond to those used in the first seven constructs. The addition of the 1,180-1,568 fragment to the first 385 bp not only did not reduce the expression compared to the 376 bp construct, but rather increased it, making it unlikely that it includes sequences with suppressor function. The addition of the 1,681-2,056 fragment to the first 462 bp caused a small decrease in luciferase compared to the 1-478 fragment alone, far smaller than that seen in Fig. 1 between the 1,586-and 2,056-bp fragments. Overall, our results suggest that cis regulation at the 5′ end of the NGB translation start site is mostly driven by elements within the first 1,124 bp of sequence, while the reduction observed in larger constructs is most likely due to the increased insert size.
Correlations of NGB expression with common genetic variation
Real-time PCR quantification of the NGB transcript gave consistent amplification from cDNA with little variation within triplicates. It was clear however that the NGB transcript is at low abundance in the adult human temporal lobe, as the detection threshold (Ct) in our qPCR analysis was reached at cycle 26.5 compared to cycle 19 for the ACTB gene at the same cDNA input. This is an estimated 180-fold difference depending on amplification efficiency. The relatively low abundance is in agreement with the results of Sun et al. [24] . Analysis of the ancestry informative SNP markers [35] by principal component analysis showed that most of our brain tissue samples shared common ancestry, presumably European, with two exceptions that were outliers for the first principal component and were removed from the dataset. In total we had 176 samples with both genotype and expression data for analysis. The total number of markers within the NGB LD block was 69. The average missing data rate was 0.2 % and Gene predictions were performed at the target database targetscan at www.targetscan.org and enrichment tests with corrected significance levels were calculated using the Panther bioinformatics tools at www. pantherdb.org the maximum was 1.2 %. All markers were in Hardy-Weinberg equilibrium (Table 2 ). Due to the significant LD between markers, we first calculated the correlation matrix between markers using Haploview and then the number of independent comparisons by counting each marker once minus the maximum observed r 2 before removing it from the set. For example marker pairs at r 2 =0.3 were counted as 1.7 tests. This correction is somewhat conservative as it does not account for multimarker correlations. However, it is a great improvement to Bonferroni correction, estimating that our 69 markers accounted for 35.4 tests, setting a study wide significance threshold at 0.0014.
There were no significant correlations between transcript levels and PMI, sex, PCR plate or the first principal component of the genotypes (presumed to represent small remaining ethnic background differences). There was a significant effect of age on the levels of NGB transcript, with an approximate 1 % decrease per year (p=0.001), which replicates our previous report [23] .
Three of the tested SNPs showed nominally significant associations with transcript levels, rs8014408, rs1861420 and rs981471. The three were in LD with each other and one of them, rs981471, reached study wide significance (multiple test corrected study-wide p< 0.048). This SNP is ∼100 Kb away from NGB and another gene (TMEM63C) separates them. However it is within the NGB LD block (chr14:77,627,796-77,820,386 in hg19) and therefore can be a proxy for variation closer to the gene. Alternately, long range regulation is also a possibility.
Because there is a correlation between NGB expression and age, suggesting that age-related regulatory elements might be present, we proceeded to test these three SNPs for interactions between genotype and age on their effects on expression. One of the SNPs that previously showed only nominally significant association with NGB expression (p=0.047), rs8014408, now showed a strong interaction with age (interaction term p=0.002) and when the interaction term was included in the regression the genotype effect on expression Fig. 3 Levels of luciferase activity in three cell types transfected with empty vector, vector with a CMV promoter and the seven different basic constructs Fig. 4 Levels of luciferase activity in Neuro-2A cell transfected with empty vector, vector with a CMV promoter and the two constructs designed to assess repressor effects of sequences beyond 1 Kb from the transcription start site was study wide significant (multiple test corrected p=0.028). The rare allele carriers showed higher expression, which declined faster with age. This SNP is located 51 Kb 3′ of NGB within the TMEM63C gene.
Sequencing for rare regulatory variants
Our sequencing of 184 controls with expression data and 79 cases revealed 275 high confidence variants in and around NGB including 256 snps and 19 indels. Of these, 98 had not been previously reported in dbSNP build 135 [39] , including 82 SNPs and 16 indels. Most of the unknown single nucleotide variants (62 of 82 SNPs) were only seen once (1 in 526 chromosomes) while the most frequent was seen nine times (allele frequency 1.7 %). We chose 24 of these for verification via restriction enzyme digestion (see Table 4 ), biased towards those that could be genotyped by this method and those seen less frequently (20/24 were seen only once) as they are more likely to be false positives. We were able to verify all 25 of the variants, suggesting that our high read depth data had very high specificity. Rare alleles were distributed across all samples, with the exception of three cases that were clear outliers, carrying more than ten standard deviations more rare alleles than the average. As we have no ethnicity information on the cases, we suspected that these represent members of a different population than the rest of the sample and they were removed.
We identified three exonic variants, including two nonsynonymous variants. Each are known, rare and seen in both cases and controls. Setting minor allele frequency thresholds between 0.5 and 10 % we looked for enrichment of rare alleles in cases or controls. We found that at thresholds between 1 and 6 % there was a significant enrichment of rare alleles in controls (best p=0.0004 for a MAF threshold of 0.2 %). This however was driven by a long 8-SNP, 18-Kb haplotype shared by nine controls and no AD case. One of those SNPs was a known variant, rs72681205 located in the 3′ UTR of NGB, after mir-1260. Given the number of variants we examined overall, the presence of all nine alleles only in controls is not statistically significant. We concluded that there was no statistically significant difference in the number of rare alleles carried by cases or controls. Common SNPs were tagged by SNPs in our common variant genotyping array. However, none of them tagged well the two common variants with significant effects on NGB expression, rs981471 and rs8014408. In the same manner, we explored correlations between NGB expression and number of rare alleles for multiple thresholds, but we found no significant correlation. Only three variants were found within the 1 kb upstream of NGB that we showed above to drive luciferase activity, one of which was novel. They were all rare variants, with a total of eight alternative alleles, five in the controls and three in the cases. There was no difference in expression for those carrying the rare alleles.
A CT repeat in intron 1 of NGB attracted our attention because of evidence from public data that it binds multiple transcription factors and that it resides at a site of Histone 3 Lysine 27 Acetylation, a mark of active enhancers [40] , the only such region seen in Fig. 2 . We were not able however to reliably analyze this region. It consists of a stretch of 130 C and T nucleotides followed by a run of 29 C nucleotides in the reference genome. Our sequencing results clearly indicated that it is polymorphic with apparently different common patterns between cases and controls but due to the noise and the existence of reads of many more than two different lengths, no specific alleles could be unequivocally called for any individual and this visual impression of a difference could not be confirmed. Our efforts to genotype the variant as a repeat length polymorphism were also not successful due the amplification of products of multiple lengths, a phenomenon we attribute to PCR artifacts due to the length, the high GC content and the highly repetitive nature of the region. Therefore, we report our observation on this region not as a conclusive result but as a likely target for follow up by alternative methods. 
Discussion
We have performed an extensive analysis of the genetically determined regulation of the NGB gene. Using a series of in vitro reporter assays in three different cell lines we have found that sequences up to 376 bp upstream from the translation start site and perhaps as much as ∼1 Kb based on the results from Neuro-2A cells can contribute to the induction of luciferase expression. This is highly consistent with data from Zhang et al. [41] who identified the transcription start site (TSS) 306 bp upstream from the initiation methionine codon (Translation Start Site) and used reporter assays in two additional cell lines to show that the proximal promoter lies between bp −164 and +306 relative to the TSS. This almost exactly corresponds to our 1-478 construct, which is among our constructs with the highest activity. By replicating these results in three additional cell types in our study, there is now good determination of the proximal promoter of NGB, which will be useful for future studies of the gene's regulation. Our main interest was in identifying genetic variation that influences NGB expression. The results of our sequencing, however, did not support the existence of variants that alter the regulatory role of this region. We found no common variants within 1 Kb of the initiating methionine, and the few rare variants did not show any enrichment in cases or controls or any significant effect on the transcript levels. It is notable however that sequencing this non-coding region in 263 individuals only identified three rare variants, and it could suggest conservation due to functional importance.
In toto, we sequenced 31.4 kb that included the NGB gene together with more than 12 Kb of 3′ and 5′ sequences in 184 controls with gene expression data and 79 AD cases. We analyzed the data for enrichment of rare variants in the group of AD cases as well as for correlations between NGB transcript levels and the presence of rare alleles without significant results. This was also true when the region under study was restricted to the 1 Kb proximal to the transcription start site. This negative result excludes the presence of variants in the immediate vicinity of the gene that have a strong influence on its expression.
Our search for common variation affecting NGB transcription was more fruitful. We identified two common genetic variants whose genotypes show correlation with NGB mRNA levels in post-mortem samples without pathology (controls) and modify the effects of ageing on the gene's transcript levels. This interaction with age is of particular interest given our identification of an effect of age on NGB [23] and our previous work showing strong overlap with genes changing transcription in AD-affected brains [26] . The present study replicates the effect of age on NGB that we observed in those studies. Note that although NGB did not make the list of genes reported in our genome-wide exploration [26] at the false discovery rate of 0.05, it did show a reduction with age with a p value of 0.02 in that smaller sample. Here the reduction we observe with age is ∼1 % per year, which is about half in magnitude than our previous results [23] . This could be the result of the "winner's curse" affecting all replication studies, the result of different age distributions of the samples, or both. The reduction of NGB expression with age has been also shown in rodents [42] . The contrast between the lack of positive results from sequencing regions close to NGB and the findings from common variants that are further and within another neighboring gene (TMEM63C) suggests that the effects we see are happening over a long distance. Although the associated SNPs are within the extent of LD around the NGB gene, our sequencing did not identify any more proximal SNPs that could explain the effect. NGB is located in a gene-dense region, the distance with its neighbors being only 6 and 4 Kb away. The associated SNPs, rs8014408 and rs981471, are 51 and 102 Kb away from the gene respectively. Enhancers have been observed in distances that are an order of magnitude further therefore it is likely that these SNPs tag variation much further from the gene than we sequenced. Clearly, future follow up attempts need to extend the search area, a feat complicated by the presence of other genes.
Data from the ENCODE project as seen in the image from the UCSC genome browser in Fig. 2 show very little evidence for regions of regulatory potential, especially for the presence of enhancers as predicted by H3K4 mono-and tri-methylation and H3K27 acetylation [40] . The notable exception is a region in intron 1 between 77,735,926 and 77,736,479 bp in hg19. This region contains a dinucleotide repeat of 56 CT followed closely by a run of 37 Cytosines with four interspersed Thymidines. Our sequencing data suggested that this area is highly polymorphic with different patterns of reads observed in each individual, and these patterns appeared different between AD cases and controls and high or low NGB transcript samples. Unfortunately, the sequence context makes it impossible to accurately align short reads within this region and to get reliable allele calls. Within each individual's data we found reads of multiple lengths, which could be due to experimental artifacts. Attempts to type this region by PCR amplification also resulted in multiple alleles. It is not unlikely that this repeat is subject to frequent somatic mutation as we have previously described [43] ; nevertheless and despite our best efforts, we were unable to reliably call genotypes and test whether it is relevant to AD, the gene's regulation or the effects we detected from the distant SNPs. We feel that it is important to be aware of the existence of this potential polymorphic regulatory region when further exploring the regulation of NGB.
Additional interesting data shown here includes the in silico analysis of the microRNA expressed from the 3′ untranslated of the NGB transcript. This experimentally validated miRNA shows a very interesting pattern of target enrichments in the angiogenesis pathway and the Alzheimer disease-presenilin pathway. This result, together with the pre-existing data on links between NGB expression, resistance to hypoxia and AD, suggests an additional mechanism that should be taken into account when studying these effects.
In summary, through bioinformatic analysis, in vitro assays, expression analysis, common variant genotyping and extensive sequencing, we have provided a systematic assessment of genetic regulation of NGB. We have found no variation influencing proximal regulatory elements but likely remote effects that appear to be age dependent. Given the robust data of change in NGB expression with age, this can be of particular interest. Additional interesting points include the potential functions of the NGB co-expressed miRNA and the presence of a polymorphic and likely functional CTrepeat in intron 1. Together with the work of others on this gene whose transcript levels appear to be important for health and disease, we hope this work will accelerate the progress in understanding its involvement and its translational potential.
